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ABSTRACT: Gas-phase ion chemistry methods that capture and characterize the
degree of activation of small molecules in the active sites of homogeneous catalysts form
a powerful new tool to unravel how ligand environments aﬀect reactivity. A key
roadblock in this development, however, is the ability to generate the fragile metal
oxidation states that are essential for catalytic activity. Here we demonstrate the
preparation of the key Ni(I) center in the widely used cyclam scaﬀold using ion−ion
recombination as a gas-phase alternative to electrochemical reduction. The singly charged
Ni+(cyclam) coordination complex is generated by electron transfer from ﬂuoranthene
and azobenzene anions to doubly charged Ni2+(cyclam), using the electron-transfer
dissociation protocol in a commercial quadrupole ion trap instrument and in a custom-
built octopole RF ion trap. The successful preparation of the Ni+(cyclam) cation is
veriﬁed through analysis of its vibrational spectrum obtained using the infrared free
electron laser FELIX.
Recent advances in mass spectrometry are creating powerfulnew ways to study the activation of small molecules
docked in the active sites of homogeneous catalysts.1−5 One of
these involves a multistep strategy in which transition-metal
coordination compounds are extracted from solution using
ambient ionization methods and fragmented in the gas phase to
expose an open coordination site on the metal atom. This
allows substrate molecules to be docked directly onto the open
site using temperature-controlled condensation in an ion trap.
The degree of substrate activation can then be determined
through analysis of the substrate vibrational spectrum, obtained
by infrared (IR) photodissociation spectroscopy.4,6−8 This
approach has been recently demonstrated for N2, CO, and CO2
activation by a bis-phenoidal Ni compound,9 which serves to
highlight the essential role that the oxidation state of the metal
plays in controlling the degree of substrate activation. Indeed,
for the case of CO2, it was observed that CO2 attachment to the
Ni(II) center of the bis-phenoidal ligand was completely
ineﬀective, while the Ni(I) variation displaced considerable
charge onto the CO2 framework, as evidenced by an
approximately 400 cm−1 red shift of the antisymmetric CO2
stretching mode.
Accessing the key Ni(I) species4 required a specially
designed bimetallic precursor compound that supported stable
Ni(I) oxidation states in both metal centers as an overall
dication.10,11 The singly charged Ni(I)-based macrocycle, with
an open coordination site, was then obtained by dissociation of
the dicationic precursor upon injection into the mass
spectrometer with an electrospray ionization (ESI) interface.
While successful in demonstrating gas-phase capture and
characterization of substrate activation, this early eﬀort also
highlights a key roadblock to the general application of this gas-
phase method to contemporary transition-metal-based molec-
ular catalysts, such as the Ni(cyclam) system depicted in Figure
1,12−19 which has been shown20−25 to be an eﬀective catalyst
for the reduction of CO2 because of its high selectivity toward
CO (as opposed to H2) production in aqueous solution.
Although the Ni(II) compound in the +2 charge state is readily
prepared in routine mass spectrometric analysis using ESI, the
more fragile Ni(I) analogue, Ni+(cyclam), is thought to be the
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catalytically active species.20,26 In the condensed phase, Ni(I)
has been accessed through electrochemical reduction at
mercury or glassy carbon electrodes,20 and pulse radiolysis
has also been shown to reduce Ni2+(cyclam) in the presence of
eaq
−, CO2
•−, and H•.27 Generally, these singly charged metal
compounds are extremely reactive, and indeed the Ni+(cyclam)
system has yet to be characterized.20 Attempts to generate the
singly charged Ni+(cyclam) through manipulation of the
chemistry in the ESI source have proven to be very ineﬃcient
because of the domination of the proton-transfer pathway,
resulting in [Ni2+(cyclam-H)-]+ at m/z 257, as illustrated by
representative mass spectra in Figure S1.
Here we describe an alternative method to prepare the active
species based on redox manipulation in the gas phase of the
readily formed Ni(II) complexes from ESI. In particular,
because the Ni(II) compound is a dication, ion−ion
recombination through electron transfer from an anionic agent
‐ + → ‐ +−Ni(II) ligand A Ni(I) ligand A (1)
presents a promising method to rationally prepare the key
Ni(I) species through one-electron reduction. Moreover, this
postionization reduction method is directly compatible with the
gas-phase ion chemistry characterization and spectroscopic
investigation with infrared multiple photon dissociation
(IRMPD) spectroscopy methods. A potential complication in
the use of ion−ion collisions for single-electron reduction is
that such processes are exoergic. Indeed, electron-transfer
dissociation (ETD) is a widely used alternative to collision-
induced dissociation used frequently in sequencing studies of
biopolymers.28,29 Commercially available ETD-enabled MS
platforms most often use the radical anion ﬂuoranthene,30−34
and in fact ETD was recently coupled to vibrational
spectroscopy35 for structural characterization of the ETD
fragments of a tryptic peptide. Here, we demonstrate that the
ETD instrumentation can be used as a means to reduce
Ni2+(cyclam) to Ni+(cyclam) without dissociation (ETnoD) of
the ligand framework, eﬀectively creating an electron-transfer
reduction (ETR) capability for mass spectrometry. Moreover,
buﬀer gas cooling quenches the considerable exothermicity (∼8
eV) of the recombination reaction, allowing the product ions to
be stabilized and structurally characterized using vibrational
spectroscopy in combination with density functional theory
calculations.
To illustrate the generality and versatility of ETR, we carried
out the measurements on two diﬀerent instruments using two
diﬀerent anionic reduction agents: the ﬂuoranthene and
azobenzene radical anions with structures indicated in panels
d and f in Figure 2, respectively. For ﬂuoranthene, we used the
modiﬁed 3D quadrupole ion trap (QIT, Bruker, AmaZon
Speed ETD) at the FELIX Laboratory, where Ni2+(cyclam)
ions were generated by ESI from a solution containing 10−6 M
cyclam and 10−5 M Ni(NO3)2 as shown in Figure 2a. The
doubly charged coordination complex containing the 58Ni
isotope at m/z = 129 was isolated (colored blue in Figure 2b)
and then charge-reduced using the ETD option of the QIT MS,
as further described in the Supporting Information. A reaction
time of 200−300 ms was found to give optimal conversion to
the charge-reduced species, as illustrated in the product mass
distribution displayed in Figure 2b. The expanded region in the
important mass range (Figure 2d) reveals eﬃcient generation of
ions with m/z = 258 (red), which is expected for non-
dissociative electron transfer to Ni2+(cyclam). In addition to the
formation of Ni+(cyclam), the singly charged [Ni2+(cyclam-
H)−]+ cation (gold peak in Figure 2d) at m/z = 257 is also
generated. This ion likely corresponds to the Ni(II) ion
coordinated to the deprotonated ligand, which was exclusively
formed in previous attempts to generate singly charged
Ni+(cyclam) using reductive chemistry in the ESI solution (as
seen in Figure S1). Note that the isolation of the 58Ni ion prior
to charge reduction in the QIT instrument allows us to
uniquely identify the one-electron reduction product against
background arising from H-loss fragments involving heavier Ni
isotopes
To establish how the properties of the reagent anion aﬀect
the ETR process, we explored a second, commonly used ETD
reagent, azobenzene,36 this time using a Sciex QTRAP 4001
hybrid triple quadrupole linear ion trap mass spectrometer at
Purdue, which was modiﬁed to perform ion−ion reactions in
mutual storage mode.37 Interestingly, carrying out the
reduction with azobenzene produced an even larger relative
yield of m/z = 258 corresponding to the stoichiometry of
Ni+(cyclam) as compared to the H-loss byproduct at m/z = 257
(see Figure 2e,f). We note that the reaction time for optimal
yield was much shorter (10 ms for azobenzene in the linear
quadrupole vs 200 ms for ﬂuoranthene in the 3D QIT).
Concomitantly, the reaction with azobenzene also resulted in a
Figure 1. Square planar structure of Ni2+(cyclam).
Figure 2. QIT mass spectra of (a) Ni2+(cyclam) at m/z = 129 and (b)
the ETD reaction of isolated monoisotopic Ni2+(cyclam) with
ﬂuoranthene (top structure), which shows a peak corresponding to
the formation of Ni+(cyclam) at m/z = 258. Trace d expands the
crucial region of trace b. CID on m/z = 258 results in the mass
spectrum in trace c. Traces e and f show the analogous reaction of
Ni2+(cyclam) with the azobenzene anion (bottom structure).
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much lower abundance of dissociation products, as shown by
the much reduced intensity of the mass peaks at intermediate
m/z (compare panels b and e of Figure 2).
The production of the m/z = 258 ion is a necessary step in
the application of ETR to the preparation of the key
Ni(I)(cyclam)+ species, but this method of preparation raises
the important question of whether the organic scaﬀold survives
the substantial exoergicity, ΔE, inherent to the bimolecular
reaction:
+ → * + + Δ+ − + ENi (cyclam) A [Ni(cyclam) ] A2 (2)
* →+[Ni(cyclam) ] fragments (3)
A rough estimate of ΔE based on the calculated ionization
energy (IE) of Ni+(cyclam) of about 8.5 eV and the adiabatic
electron aﬃnities (AEA) of the anions (0.2 and 1.6 eV for
ﬂuoranthene and azobenene, respectively)38,39 sets limiting
values of ΔE in the range of 8.3 and 6.9 eV for the two anions
(using ΔE = IE − AEA). Interestingly, we note that the more
exothermic ﬂuoranthene reaction yields more fragmentation
peaks arising from eq 3, as expected for the usual ETD
processes. These degradation products (interloper peaks in
Figure 2b) largely arise from sequential neutral losses of 30 and
43 mass units, which are consistent with ejection of C2H6 and
C2H5N groups. To evaluate whether these are characteristic of
an excited [Ni(cyclam)*]+ ion, we measured the decom-
position pathways of the m/z = 258 parent ion using collision-
induced dissociation (CID), with the result presented as the
inverted trace in Figure 2c. The overall similarity in the breakup
patterns upon CID and ETD with ﬂuoranthene establishes that
a signiﬁcant fraction of the nascent ETR ions decompose before
they can be cooled in the trap. We note that related work
involving charge reduction of multiply charged ions in high-
energy collisions with alkali metal vapors40−42 has also
established partial survival of the nascent ions with considerable
internal energy content.
The fact that ETR necessarily occurs with deposition of
considerable internal energy into the target ion raises the
important question of whether the ligand scaﬀold can survive
intact when the ion is cooled through collisions with a buﬀer
gas. A powerful method to establish the structure of ionic
species is through analysis of their vibrational spectrum, which
can be obtained through action spectroscopy methods using
tunable IR lasers such as the FELIX free electron laser
employed here.35,43,44 The 600−1650 cm−1 region of the
IRMPD vibrational spectrum for the mass-isolated m/z = 258
ion was recorded by irradiating the trapped ions for 1.5 s with
the FEL operating at a repetition rate of 10 Hz and producing
6−10 μs long macropulses with energies up to 100 mJ per
pulse. When the frequency of the FEL is resonant with a
vibrational mode of the trapped ions, multiple photons are
absorbed and the internal energy of the ions increases to above
the dissociation threshold so that unimolecular dissociation
occurs along the pathway with the lowest energy barrier. We
generate IR spectra by relating the fraction of dissociation
(yield = ∑(fragment ions)/∑(precursor + fragment ions)) to
the IR wavelength as the laser frequency is scanned.44,45 The
yield is linearly corrected for the wavelength dependence of the
laser pulse energy, and the wavelength is calibrated (online)
using a grating spectrometer. The resulting IRMPD spectrum
of Ni(cyclam)+ generated by ETR is shown in Figure 3c and is
dominated by three relatively sharp transitions near 850, 1000,
and 1450 cm−1, which are attributed to the CH rocking, CN
stretching, and CH bending fundamentals, respectively.
To quantify the spectral signature of the ligand and to
establish the eﬃcacy of theoretical methods used to character-
ize this system, we also recorded the spectrum of the dicationic
Ni2+(cyclam) precursor using both IRMPD spectroscopy at
FELIX as well as cryogenic ion spectroscopy at Yale to establish
the sensitivity of this spectrum to ion internal energy. The
spectrum of the 300 K ion obtained in the QIT MS at FELIX
covers the 600−1800 cm−1 region. The 30 K ion spectrum
obtained via N2 tagging at Yale using a LaserVision OPO/OPA
system covers the 800−3400 cm−1 range. The N2 tag is
calculated to attach to the NH groups of the Ni2+(cyclam)
ligand and is not believed to be “activated” by the Ni(II) ion.4
The N2-tagged spectrum is obtained in a linear action regime
and interrogates vibrationally cold ions. Availability of both
spectra enables us to conﬁrm that the IRMPD spectra are
hardly aﬀected by the higher internal energy of the ions or by
the multiple-photon nature of excitation in IRMPD,46 nor is the
N2-tagged spectrum aﬀected by the presence of the tag. Figure
3a compares the N2-tagged Ni
2+(cyclam) spectrum (red) with
that recorded for the 300 K ion using the IRMPD approach
(black trace). Although there are minor diﬀerences in the
multiplet structure of the strong features, two strong bands at
similar frequencies dominate both spectra. Figure S4 displays
additional vibrational spectra recorded at 300 K using the
FTICR-MS at Nijmegen, where some additional spectral
features are recovered as a result of the lower background
pressure and the inherently increased eﬃciency of multiple-
photon excitation. Most importantly, analogous features are
also found in the m/z = 258 product ion from ETR, providing
strong evidence that the structure of the ligand is retained in
spite of the exoergicity involved in the gas-phase one-electron
reduction.
Figure 3. IRMPD spectra of (a) Ni2+(cyclam) and (c) Ni+(cyclam).
The single-photon N2 predissociation spectrum of Ni
2+(cyclam), red
trace in panel a, taken at 30 K shows good agreement with the IRMPD
data while revealing more detailed ﬁne structure in the spectral
signatures. The inverted traces display the computed harmonic spectra
for (b) Ni2+(cyclam) and (d) Ni+(cyclam). Theoretical frequencies are
scaled by 0.975 below 2200 cm−1 and 0.95 above 2200 cm−1.
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The ﬁne structure on the bands in the ﬁngerprint region,
combined with the CH and NH band patterns in the higher-
energy range obtained with N2 tagging, provides the most
useful benchmarks for structure determination by comparison
with computed spectra for various local minimum geometries.
DFT calculations were performed at the B3LYP/6-31++G(d,p)
level of theory and recovered the lowest-energy structure of the
Ni2+(cyclam) ion displayed in Figure 4a, with the correspond-
ing (scaled) harmonic spectrum displayed in Figure 3b. In
particular, the ﬁne structure associated with the dominant
bands at 1000 and 1450 cm−1, as well as the weaker feature at
1320 cm−1 (which were not evident in the IRMPD spectrum
measured in the QIT, Figure 3a, but are evident in the FTICR/
FELIX shown in Figure S4), are accurately reproduced by the
predicted spectrum. Note that this structure (Figure 4a)
features two of the proximal NH groups on the three carbon
ring oriented in the same direction, roughly orthogonal to the
plane containing the Ni atom and the four N atoms. This
isomer, denoted trans-III, is the most abundant of the two
isomers (the other being trans-I with all four NH groups
pointing in the same direction) in solution, 85%, as
characterized by NMR;47 isomerization between the trans-III
and trans-I isomers was determined to occur with a rate
constant of 121 ± 21 M−1 s−1 in solution.47 The trans notation
refers to the distortion of the alkyl chains relative to the N atom
plane, as illustrated in the two views of the trans-III structure in
Figure 4. The overall spin state of the trans-III isomer is a
singlet with a d6 low-spin electron conﬁguration on the Ni
center where, by NPA analysis (described in detail in the
Supporting Information), the largest positive charge per atom
lies on the metal center (9% on the Ni, 5% each on the NH
protons, with the residual distributed among the CH protons of
the ligand (about ∼3% of the fundamental charge on each)).
The absence of the trans-I form in the gas-phase experiments
reported here is conﬁrmed by the single sharp NH transition at
3239 cm−1, which is predicted to be split into a doublet spaced
by about 45 cm−1 in the trans-I isomer. Supplementary Figure
S2 presents a summary of the ﬁve isomers of Ni2+(cyclam),
along with the scaled harmonic spectra for the trans-I and trans-
III isomers in Figure S3 and energetics for all ﬁve isomers in
Tables S1 and S2.
Given that the B3LYP/6-31++G(d,p) level accurately
recovers both the cold and IRMPD spectra of the Ni2+(cyclam)
ion, we next extend this method to consider the structural
implications of the IRMPD spectrum of the Ni+(cyclam)
prepared by ETR (Figure 3c). The computed lowest-energy
structure is presented in Figure 4b, with its computed spectrum
in Figure 3d, indeed capturing all the strong features in the
experimental IRMPD spectrum (Figure 3c). Note that there are
signiﬁcant diﬀerences between the IRMPD spectra for the two
charge states, indicating that there is signiﬁcant distortion of the
ligand as a result of charge reduction of the metal center. In
particular, new features appear near 800 and 900 cm−1 in the
Ni+(cyclam) system, which are accurately recovered in the
calculated spectrum and are attributed to NH and CH rocking
modes of the ligand scaﬀold. The structure in Figure 4b is also
derived from a trans conformation with substantial elongation
(0.123 Å) of the Ni−N bonds. The spin state of this structure is
a doublet with a d9 electron conﬁguration on the Ni center,
where the partial positive charge is now quite similar for the
metal center and the NH protons. In fact, the NH protons have
slightly more positive charge per atom than the Ni atom (6%
for each NH proton, 5.7% for Ni, 3% for each of the remaining
CH protons).
The spectroscopic measurements establish that ETR indeed
provides a straightforward synthetic path for the preparation of
the critical Ni(I) oxidation state with retention of the cyclam
coordination environment. It is therefore of interest to
elucidate the features of the reaction that optimize non-
destructive electron attachment to the dication precursor. That
is, the anionic reagents used here were optimized for dissociative
electron transfer, while suppressing the branching to proton
transfer, to provide as a general means to break up biopolymers
for sequence analysis.28,29 In the case of ETR, we also seek to
suppress proton transfer but strive for less exothermic processes
in order to preserve the ligand environment. The observation
that azobenzene dramatically reduces the degradation by-
products (compare panels c and d of Figure 2) indicates that
lowering the exoergicity by 1.4 eV has a profound eﬀect on the
degree of fragmentation. Part of this enhancement likely also
results from the strong geometry change in the azobenzene
anion framework upon electron detachment, which has been
quantiﬁed through negative ion photoelectron spectrosco-
py.38,39 This is evident by the degree of vibrational excitation in
the neutral upon vertical electron detachment, which in the
case of azobenzene deposits considerable (∼1.6 eV) additional
energy in the neutral azobenzene moiety, thus reducing the
energy partitioned to the nascent Ni+(cyclam) ion. It would
therefore be valuable to reﬁne the ETR approach by identifying
higher electron aﬃnity electron donors as well as systems which
feature large geometry changes upon charge transfer.
In conclusion, we have demonstrated how the key
Ni+(cyclam) oxidation state can be prepared in vacuum
through nondissociative electron transfer from two molecular
anions, ﬂuoranthene and azobenzene, to the stable
Ni2+(cyclam) ion in an ion−ion recombination process carried
out in RF ion traps. The structure of both the dicationic
precursor and the Ni+(cyclam) product ions were established
with vibrational spectroscopy, verifying that the ligand structure
is retained despite the large exoergicities of the electron-transfer
Figure 4. Calculated minimum energy structures of the trans-III
isomers of (a) Ni2+(cyclam) and (b) Ni+(cyclam) revealing a
lengthening of the N−N bond and a change of the N−Ni−N angles
upon reduction of the metal center. The four nitrogen atoms of the
cyclam macrocycle remain square planar. Calculations were performed
at the B3LYP/6-31++G(d,p) level of theory.
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reactions. This chemistry was carried out using the ETD
capability of a modiﬁed commercial mass spectrometer (Bruker,
AmaZon Speed ETD) as well as in a modiﬁed triple quadrupole
mass spectrometer. The latter instrument is readily adapted to
cryogenic ion processing methods which can stabilize small
molecules in the active sites of Ni(I) reduction catalysts, and
these directions are presently under study.
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